Abstract The original Wolff's vascular theory of migraine was supported by the discovery of a class of drugs, the triptans, developed as a selective cephalic vasoconstrictor agents. Even in the neurovascular hypothesis of Moskowitz, that is the neurogenic inflammation of meningeal vessels provoked by peptides released from trigeminal sensory neurons, the vasodilatation provoked by calcitonin gene-related peptide (CGRP) is considered today much more important than oedema. The role of cephalic vasodilatation as a cause of migraine pain was recently sustained by studies showing the therapeutic effect of CGRP receptor antagonists. We discuss the evidence against vasodilatation as migraine pain generator and some findings which we suggest in support of a central (brain) origin of pain.
Introduction
The fundamental question of migraine pathogenesis, until now not clarified, is if pain has a peripheral (vasodilatation) genesis or is a central pain, that is without the need of a stimulus of vascular nociceptors provoked by vasodilatation or neurogenic inflammation (NI). The putative peripheral origin of the pain does not exclude that the ''primus movens'' of migraine attack resides in the brain, for example the cortical spreading depression, which can activate the trigemino-vascular system [1, 2] . That is, the stimulation of trigeminal nociceptors, due to meningeal vasodilatation induced by peptides substance P (SP) and calcitonin gene-related peptide (CGRP) released by trigeminal peripheral endings during NI provoked by trigeminal stimulation or to meningeal vasodilatation mediated by neuronal autonomic system, is the cause of migraine pain. A general consensus is that innervation of extracerebral blood vessels (meningeal vessels) finds its origin in the superior cervical ganglion (sympathetic innervation) in the sphenopalatine and otic ganglia (parasympathetic innervation) and also in the trigeminal ganglion (sensory innervation) [3, 4] . To date, strategies targeting the autonomic system (anticholinergic antagonists preventing vasodilatation and adrenergic agonists causing constriction) have not proven beneficial in the treatment of migraine [5] . In the last few decades there has been a re-evaluation of the vasodilatation as the cause of migraine pain, that is a sort of revival of the original vascular hypothesis of Wolff [6] . In fact, studies starting from the migraine models of NI, to the discovery of triptans, until the role of CGRP, support vascular (vasodilatation) source of pain [7] [8] [9] [10] . In opposition to the vascular theory, there was the Sicuteri' theory, which considers migraine as a central pain, due to a deficiency of the analgesic inhibitory system that is a sort of a deafferentation pain [11] [12] [13] .
Because one of us (A.P.) has worked with Prof Sicuteri in the past, we would like to comment on the recent findings which have brought the reconsideration of the vascular theory.
On the triptans
The excellent and detailed paper of Humphrey [10] concerning the history of the discovery of sumatriptan led us to ask some questions:
1. The first is not a question but an observation: looking at the photograph of the 25 key opinion leaders reunited in the Leeds Castle meeting of 1995 to discuss the sumatriptan mechanism, surprisingly Prof Sicuteri is absent, the scientist of the 5-hydroxytryptamine (5-HT) central theory of migraine, which shows for the first time an alteration of 5-HT metabolism in migraine, which introduces methysergide in the prevention of migraine, which shows that methysergide have 5-HT agonistic activity in man, that is findings leading to the idea that serotonin might have pathophysiological involvement in migraine. 2. The second concerns the statement that sumatriptan, differently from newer triptans, does not normally act centrally because it does not pass the blood brain barrier. Independently from any animal studies, it was evident to clinicians, from the early use of subcutaneous sumatriptan, that this drug provoked in some cases side effects such as dysphoria, sedation, drowsiness, depression, etc., which were clearly central in origin [14] [15] [16] . 3. The third concerns the Humphrey's statement that he had developed sumatriptan by observation of the studies reporting that ergotamine, 5-HT and also methysergide had beneficial effect in migraine attack probably acting as vasoconstrictors of cephalic vessels. The beneficial effect of 5-HT in migraine attack is, however, uncertain, and also migraine provocation was reported [see 17]. He therefore developed an analogue of 5-HT with selective vasoconstriction on cephalic vessels through 5-HT 1 receptor subtype, and this was their idea of sumatriptan action. This led to the socalled ''triptan revolution'' within the pharmaceutical industry and the availability of at least seven triptans in the market place today. Unfortunately, this revolution was not sustained by the population given the low utilization of triptan in the world [18] . However, we have had the pleasure of reading in the Humphrey's paper [10] : ''My favourite notion is that central sensitization may arise from a disorder of descending inhibition, which would actually fit with the idea of a hypothetical migraine generator or something that is abnormal in the brain. Also, if there is altered withdrawal of descending inhibition unilaterally, it would explain why there is hemicrania''. Therefore, Humphrey today, even though he sustained that painful impulses do originate peripherally from cephalic vessels and that sumatriptan acts almost entirely peripherally [19] , moves his attention towards the brain! Recording the history of ergotamine and dihydroergotamine in migraine, Tfelt-Hansen cited the original study of Moskowitz [23] , and affirms that in rats, i.v. ergotamine in doses similar to those used to treat migraine attack and cluster headache, inhibit PPE within the dura mater [24] . The therapeutic i.v. or i.m. doses of ergotamine in migraine is 250 lg (about 2.5-5 lg/kg). The ergotamine doses employed in NI studies was 50 lg/kg [20] , that is doses at least ten times higher. Sumatriptan inhibits the release of CGRP from cultured trigeminal neurons but the concentration required was higher than the estimated plasma concentrations in patients receiving the drug for migraine [9] . 4. The site of triptans antimigraine action was suggested to be in all the stations of the nociceptive trigeminal pathway, starting from meningeal vessel to the thalamus, that is rostral relay of nociceptive trigeminal information [5, 10, 19, 25, 26] . However, some evidence shows that neither peripheral nor central trigeminovascular neurons are directly inhibited by sumatriptan. Rather the triptans action appears to be exerted through presynaptic 5-HT 1B/1D receptors in the dorsal horn to block synaptic transmission between axon terminal of the peripheral trigeminovascular neurons and cell bodies of their central counterparts (trigeminal nucleus caudalis) [27, 28] . The last findings support that the vasoconstrictive effects of sumatriptan and its inhibition of PPE does not play a significant role in the termination of migraine pain. The 5-HT 1D receptors are localized in fact in trigeminal primary afferent nociceptors, in dense core vescicles, which suggests that they would be available for interaction with triptan only with nociceptive stimulation of sufficient intensity [29] . Triptan receptors are found equally among trigeminal sensory afferents and afferents which innervate the rest of the body [29] . This is at odds with the prevailing view that triptans have selective actions for migraine/cephalic pain. However, there are also studies showing a central antinociceptive effect of triptans. Triptan microinjected in the ventrolateral periaqueductal gray inhibit (probably activating descending pain-modulating pathways) dural, but not facial and corneal nociceptive input [30] . More recently a profound anti-hyperalgesic action of small intrathecal doses, but not 200-fold greater systemic doses, of sumatriptan was found in experimental inflammation in non-cephalic regions [31] . Sumatriptan inhibition of non-trigeminal pain condition involving NI was also described [32] . Data from microinjection studies also suggest that sumatriptan may act within the rostroventral medulla (RVM) to attenuate visceral pain through activation of 5-HT 1B receptors [33] . 5. Sumatriptan has no inhibitory effect on the discharge of dural nociceptors, but produces a transient discharge of these neurons [28] . This excitatory effect might underlie the initial worsening of headache which was reported after triptan administration [15, 17, [34] [35] [36] . It was suggested that this initial headache exacerbation was due to relatively low levels of triptan entering the circulation shortly after administration which activates meningeal nociceptors [34] . It was also sustained that it may simply due to vasodilator effects that occur at lower concentrations than their vasoconstrictor activity as a result of sympathoinhibition [5] . However, small intravenous bolus doses of sumatriptan (500 lg) or ergotamine (50 lg) provoke a sudden headache exacerbation which is more convincingly due to transitory high blood levels than low levels [17, 36] . Moreover, the 5-HT doses (4-40 mg) utilized in studies showing migraine provocation [37] seem higher that the ones (2-7.5 mg) utilized in studies showing beneficial effect [38, 39] . Also the superior efficacy of subcutaneous triptans in comparison to the oral form was attributed to the rapid rise in plasma levels (T max was 10 min) [40] .
On the neurogenic inflammation

On the role of CGRP
Because the NI theory of migraine, specifically PPE, was no longer tenable, the role of CGRP-induced neurogenic vasodilatation was suggested to be of primary importance, that is oedema is less important in comparison to vasodilatation in the stimulation of meningeal nociceptors. Many findings support this theory, such as the CGRP increase in plasma during migraine attack with normalization after sumatriptan concomitantly with alleviation of headache, the induction of migraine-like headache by intravenous CGRP and the efficacy of CGRP receptor antagonists [see 9, 21, 41, 42]. In particular, three fundamental findings sustain this interpretation:
1. A substantial increase of CGRP levels in jugular vein but not in peripheral vein in migraine attack [43] . Even in nitroglycerin (NTG)-induced migraine attack an increase of plasma CGRP was found, but not in immediate headache or in subjects without migraine attack [44] . 2. The CGRP infusion (2 lg/min/20 min) provokes in migraine subjects immediate and delayed (1-12 h, median 5) headache, sometimes with migraine-like characteristics, with similar latency but lesser intensity than that provoked by glyceryl trinitrate (GTN) and histamine. It was argued that nitric oxide (NO) may be a common mediator of GTN, histamine and CGRPinduced headache; otherwise, CGRP may be the common mediator of GTN, histamine and CGRP [45] . 3. The CGRP receptors antagonists were effective in migraine attack with efficacy comparable to triptans [46, 47] .
However, much evidence does not sustain the role of CGRP vasodilatation:
1. Using an intra-patient comparison design, CGRP was not found to increase in external jugular vein and in peripheral vein during migraine attack in comparison to attack-free period [48] . Previous studies compared CGRP blood levels during attack with those of control subjects, and the results can be affected by a large inter-individual variation of CGRP levels.
2. The CGRP infusion (1.5 lg/min/20 min) in healthy subjects induces mild immediate and delayed headache, and dilatation of middle cerebral artery (MCA) and of superficial temporal artery (STA). The CGRP antagonist olcegepant prevents the headache and STA dilatation, but not that of MCA, suggesting a extracerebral action. However, at the end of infusion, the CGRP plasma concentration was increased 4-5 times from baseline, and is higher than that found in spontaneous migraine attack [49] . 3. There were no differences in the degree of vasodilatation of MCA (moreover mild) and of peripheral arteries between migraine and healthy subjects [50] [51] [52] . 4. There were no differences in immediate and delayed headache (of mild intensity and low frequency) and in the degree of MCA and STA vasodilatation between familial hemiplegic migraine and healthy subjects [53] . 5. Recently, with sensitive and non-invasive magnetic resonance angiography (3T MRA), it was shown that during migraine induced by NTG, the diameter of intracerebral (internal carotid, middle and posterior cerebral, basilar) and extracerebral (mean meningeal, external carotid) arteries were not different from baseline, and there was no difference between headache and non-headache sides. Moreover, there was no change in basilar and internal carotid artery blood flow during NTG infusion or migraine. These findings suggest that migraine attack is not associated with vasodilatation of cerebral or meningeal vessels [54] . 6. Many studies show that different vasoactive neurotransmitters found in perivascular nerve fibres and other vasodilating agents may trigger headache, but with some contradictions (Table 1 ). The immediate dilatation of the MCA seen after treatment with GTN, histamine, CGRP, dipyridamole, has been considered to play a causative role in the induction of migraine attacks [55, 56] . Dipyridamole and CGRP (both cAMP-elevating compounds) induce migraine less frequently than GTN and sildenafil [45, 55, 56, 58, 59] . However sildenafil, which is more effective migraine inducing agent than CGRP and probably also than histamine, does not induce cephalic vasodilatation [58] . It was suggested that parasympathetic nervous system may be involved in the initiation and maintenance of migraine attacks [67] . However, vasoactive intestinal peptide (VIP), a neurotransmitter of cerebral parasympathetic perivascular nerve fibres, provokes marked cephalic vasodilatation but not migraine, providing further evidence against a purely vascular origin of migraine [62] . Even the moderate degree of dilation after cilostazol or dipyridamole makes a simple mechanical dilation an unlikely source of pain [60, 61] . Thus the dilatation of cephalic arteries seems unlikely to be the direct cause of the migrainelike attacks occurring hours after the infusion of vasodilator drugs. 7. Sumatriptan inhibits CGRP release from stimulated trigeminal neurons but not in baseline conditions [9, 68] . Animal studies show that sumatriptan does not inhibit CGRP vasodilatation [32, 69, 70] . Neither dural nor systemic administration of CGRP, at doses that evoked dural vasodilatation, had a detectable effect on discharge of dural nociceptors, which are also subjected to rapid desensitization [28] . Other evidence for a possible weak action on CGRP in the periphery are the brief (7-10 min) plasma half-life of GGRP in humans [21] and tachyphylaxis of the vascular responses [71] . Even the excitation of trigeminal brainstem neurons by the application in the meningeal subarachnoid space of a mixture of inflammatory mediators was subjected to tachyphylaxis [72] .
These findings not only fail to support the vasodilatation theory but also would potentially seem to be at odds with large body of evidence on the role of GCRP in headache and suggest an action as a central neurotransmitter [28] . A possible central action of CGRP and CGRP antagonists on second-order trigeminal neurons was discussed [73] .
Considering a possible role of CGRP-induced vasodilatation in migraine pathogenesis, because migraine patients are not more sensitive to vasodilating action of CGRP and other vasodilating agents in comparison to healthy subjects [50-52, 62, 63] , the induction of migraine attack must be due to a less inhibition or to a facilitation by pain modulating system of sensory transmission. The last hypothesis could explain the fact that vascular cerebral disease and vasodilating agents (NO, histamine, CGRP, etc.) can provoke headache/migraine more frequently in migraine patients than in healthy subjects.
As pointed by Moskowitz [1] , there are two hypothesis regarding the pathogenesis of migraine. One is that migraine originates in the cortex and the other that originates in the brainstem. In the first case the cortical spreading depression directly stimulate the trigeminal nerves. In the other case, an abnormal activity in brainstem nuclei (locus coeruleus, raphe nucleus and periaqueductal gray) could induce pain in two ways: (1) by a disinhibition of trigeminal neurons within the trigeminal nucleus, allowing this neurons to fire even in the absence of incoming pain signals from the meninges or blood vessels (that is without a role for vasodilatation) and (2) by triggering spreading depression.
But the key question is which way provokes meningeal vasodilatation. That is, the activation of trigeminovascular system, possibly also by cortical spreeding depression [1] , could provoke CGRP release from sensory neurons which dilate meningeal vessels, which in turn will stimulate meningeal nociceptors and then the transmission of pain through trigeminal pathway until the cortex. Otherwise, the activation of trigeminal neurons could provoke vasodilatation via brainstem trigeminoautonomic arc reflex activation of sphenopalatine ganglion, which leads to perivascular release of dilatators such as acetylcholine, VIP and NO. Anyway, the activation of trigeminal neurons must send the signal in the periphery to provoke vasodilatation which in its turn will stimulate meningeal trigeminal nociceptors to transmit by the same way where the impulse originates the painful sensation. In this view, it was also suggested that multiple migraine triggers activate different brain areas which activate parasympathetic neurons and through vasodilatation the meningeal nociceptors; the trigeminovascular pathway in turn can activate the same brain areas that have triggered its own activity in the first place [67] . This seems an illogical and uneconomic way to provoke migraine pain. It is also difficult to think that a brain stimulus provokes a cephalic dilatation and that a simple dilatation provokes itself the storm of symptoms of migraine attack. We think that the activation of peripheral trigeminal sensory neurons (possibly by the disorder of descending inhibition or also from cortical spreeding depression) could send directly the stimulus to higher centers of pain, without the necessity to provoke vasodilatation, which in this case could play a secondary role (as a cause of throbbing or of initial worsening of pain produced by triptans [5, 27] ).
On the pain modulatory system
An involvement of 5-HT pain modulating system was theorized in migraine pathogenesis: a reduced descending inhibition or an enhanced descending facilitation was suggested [see 36] .
The RVM in the brainstem which contains nucleus raphe magnus (NRM) and the adjacent reticular formation is an important relay site for integrating descending influences on the spinal cord and trigeminal nucleus caudalis. Many of the midbrain areas that are involved in fear, anxiety, mood and autonomic responses are contacted by pathways that are activated by painful stimuli. There is a growing body of evidence suggesting that descending pathways are not exclusively inhibitory, but also include excitatory actions. In fact, in the RVM there are three functional cell classes: the ON cells (inhibited by opioids) which facilitate nociception, the OFF cells (excited by opioids) which inhibit nociception, both non-serotonergic (but at least a proportion of ON cells are likely to contains 5-HT), and a population of serotonergic cell unresponsive to noxious stimulation and opioids, which may play a permissive role. Tonic activation of 5-HT-mediated and non-5HT-mediated brainstem facilitatory influences contributes to the development of central sensitization in neurophatic pain (but not in the experimental inflammatory pain) [74, 75] . Although not clarified, 5-HT can produce antinociceptive and pronociceptive effects depending on the receptors it acts on the dorsal horn. Activation of 5-HT 1 receptors exert antinociceptive effect: postsynaptic 5-HT 1A receptors inhibit the excitability of spinotalamic neurons and excitatory interneurons, whereas presynaptic 5-HT 1B/D inhibit neurotransmitter release from primary nociceptive afferents. The pronociceptive effect appears mediated by 5-HT 2 and particularly 5-HT 3 receptors. The 5-HT 3 receptors increase neurotransmitter release from primary nociceptive afferents, whereas postsynaptic 5-HT 3 receptors increase excitability of spinothalamic neurons [76] . Different hyperalgesic states including acute inflammation, acute opioid withdrawal and models of systemic illness and acute stress are associated with an increase of ON cell firing and suppression of OFF-cell disharge [77] .
Recent interesting findings show that mice genetically lacking in central serotonergic neurons showed normal visceral pain but exhibited enhanced inflammatory pain. Moreover, the analgesic effect of several antidepressant drugs were abolished or greatly attenuated [78] . These mice also exhibited reduced analgesic effects to l and d opioid receptor agonists, providing genetic evidence in support of the view that the central serotonergic system is a key component of supraspinal pain modulatory circuitry mediating opioid analgesia [79] .
These pharmacological responses of the genetically modified mice, well concord with those of migraine patients. In fact, selective serotonin reuptake inhibitors have no therapeutic activity in migraine [80] . Moreover, migraine patients [13, 81, 82] and also chronic daily headache patients [83] were considered poorly responsive to opioid drugs and more sensitive to their side effects [82, 84] . Also, mepheridine was less effective than other antimigraine drugs such as dihydroergotamine and antiemetics, and in many trials it was co-administered with antihistamines which may enhance its efficacy [85] . Curiously, it was shown that a genetic variation may be responsible of the intolerable side effects or inadequate analgesia produced by morphine in 10-30% of cancer patients [86] . A similar genetic alteration could be present in migraine patients? Or, alternatively, have the unresponsive cancer patients also suffered for migraine?
Other findings sustain a hypofunction of 5-HT cerebral system in migraine patients. In fact, the most reproducible and ubiquitous abnormality of migraineurs's brain is a lack of habituation in neuronal information processing with normalization during migraine attack. This cortical hyperresponsivity was suggested to be due to a dysrhythmic thalamo-cortical activity due to inadequate monoaminergic (serotonergic) control [87] . Normalization of habituation during migraine attack could be induced by the ictal activation of rostral brainstem which has been demonstrated by PET scanning [88] [89] [90] . Recently, in support of this interpretation, it was demonstrated that brain serotonin synthesis increases during the migraine attack [91] . Moreover, a PET study has shown an increase of 5-HT 1A receptors binding in cortical and limbic area during interictal period in migraine patients, possibly due to low brain 5-HT levels [92] . Lack of habituation was evidenced also utilizing laser-evoked noxious stimuli in cephalic and extra-cephalic territory [93] . That habituation of pain involves the antinociceptive system (notably the cingulated cortex) which may trigger down-stream, potentially opioid-dependent mechanism, must be underlined [94] .
A direct evidence for specific functional changes in the brainstem during the interictal migraine period was recently provided. In fact, it was reported that nucleus cuneiformis, a component of brainstem pain modulatory circuits which contains both ''OFF and ''ON'' cells, appears to be hypofunctional in migraine patients, possibly contributing to hyperexcitability of trigeminovascular neurons in migraineurs by either reduced descending inhibition or enhanced descending facilitation [95] .
Conclusion
Sicuteri's 5-HT central theory stated that migraine pain originates from an alteration, apparently functional in nature, of the neuraxial pain transmission. Pain arises without any stimulation of nociceptors by vasodilatation, but results from an automatism of the nociceptive system, due to a failure of descending anti-nociceptive 5-HT/ opioidergic system [11, 12] ; a theory subsequently interpreted as ''functional deafferentation'' [13] . Analogies between migraine and sensory deafferentation have been recently proposed once again [96] .
Recently, Goadsby [97] sustains that ''the basis of the problem is likely to be abnormal central processing of normal sensory signal'' that is ''a disturbance of subcortical sensory modulation systems''. Moreover, it was suggested that migraine triggers cause cortical activation, which disinhibits trigeminovascular sensation through brainstem nuclei (NRM) involving a serotonergic mechanisms. The pain signal was suggested as a ''false alarm'' occasioned by some defect in pain perception or modulation [98] .
In opposition, some sustained that migraine may have a vascular basis in at least some individuals and to presume that migraine is always generated from within the central nervous system ''is naïve at best and unscientific at worst [99] '' and ''flies in the face of common sense, clinical observation and existing scientific data'' [100] . On the other hand, many arguments against pure vasodilation as migraine generator are reported [101] .
Without citing scientific data, previously referred to, if we debate using common sense, this allows us to submit three fundamental questions:
1. Do other types of vasodilator pain exist other than migraine? All data which supports the vascular origin of migraine pain shows ischaemic, but not vasodilatory, diseases. In nature, vascular pain is generally caused by ischaemic diseases and we cannot think of any pain caused purely by vasodilatation, which generally relieves pain. 2. Because in extracranial and meningeal arteries (other than in brain circulation: circle of Willis) there are anastomose ipsi-and contralaterally [102] , are we convinced that a strictly hemilateral migraine can be explained by hemilateral vasodilatation? How can it be explained that some migraine subjects always have attacks on the same side? How can we explain the shift of pain from one side to the other during the same attack? 3. Are we convinced that chronic daily headache (chronic migraine) can be explained by persistent vasodilatation? It is true that chronic migraine pain can be maintained by the central sensitization, but taking this for granted we consequently maintain that it could be generated in the brain without the need of vascular dilatation.
In conclusion, we think that spontaneous migraine pain may be produced and maintained in the brain and that vasodilatation is a epiphenomenon. Nevertheless, we believe possible that a transitory vasodilator effect (as that provoked by some drugs) can trigger undefined central mechanisms which are able to provoke migraine attack, as any migraine trigger such as stress, hormonal variations, etc.. This interpretation may explain even the delayed headache provoked by vasodilator agents, at a time when vasodilatation has ended.
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